DNA methylation is a widely studied epigenetic mechanism and alterations in methylation patterns may be involved in the development of common diseases. Unlike inherited changes in genetic sequence, variation in site-specific methylation varies by tissue, developmental stage, and disease status, and may be impacted by aging and exposure to environmental factors, such as diet or smoking. These non-genetic factors are typically included in epigenome-wide association studies (EWAS) because they may be confounding factors to the association between methylation and disease. However, missing values in these variables can lead to reduced sample size and decrease the statistical power of EWAS. We propose a site selection and multiple imputation (MI) method to impute missing covariate values and to perform association tests in EWAS. Then, we compare this method to an alternative projection-based method. Through simulations, we show that the MI-based method is slightly conservative, but provides consistent estimates for effect size. We also illustrate these methods with data from the Atherosclerosis Risk in Communities (ARIC) study to carry out an EWAS between methylation levels and smoking status, in which missing cell type compositions and white blood cell counts are imputed.
Introduction
DNA methylation of cytosine residues at CpG dinucleotides has particular interest since it has a central role in normal human development and disease. 1 Epigenome-wide association studies (EWAS), analogous to genome-wide association studies (GWAS), are becoming increasingly common and popular to interrogate methylation change associated with disease status or related traits. Facing many of the same challenges as epidemiology studies, DNA methylation value can be highly related to the tissue, developmental stage, and disease status, and may be impacted by aging and exposure to environmental factors, such as diet or smoking, which may lead to potential confounding in association tests. 2 For example, in some DNA methylation data set, cases and controls typically differ in their cell type composition, which can result in spurious associations-those that merely tag the cell type rather than reveal more fundamental biological signals of interest. 3, 4 To adjust for confounders in analysis of DNA methylation data, one approach is based on principal component analysis (PCA) and infers confounders using surrogate variables. [5] [6] [7] [8] When the confounders are measured, they can be directly adjusted in a regression framework. However, incomplete data is a common problem in applied research. Restricting the analysis to complete cases will reduce the size of data and the power of association tests, which are critical for EWAS with stringent genome-wide significance level. Using the correlation between methylation values and the covariates, we can impute the missing covariate values based on a set of pre-selected CpG sites. For example, when a reference data set is available, Houseman et al. 9 proposed to infer the underlying composition of cell populations with distinct DNA methylation profiles via a projection-based approach.
In this paper, we explore statistical methods to impute missing covariate values in analysis of DNA methylation data, which is based on the multiple imputation (MI) approach.
Specifically, we apply variable selection to select a set of CpG sites from genome-wide methylation data and use the MI approach to impute missing covariates and perform association tests. We also extend the projection-based method by Houseman et al., 9 treating the complete cases as the reference data. Through computer simulations, we show that the MI-based methods produce asymptotically unbiased estimates for the effect size, with slightly conservative power compared to the projection-based method. On the other hand, the projectionbased method has the correct type 1 error rate, but may produce biased estimates under the alternative hypothesis. We further apply these methods to the DNA methylation data in the Atherosclerosis Risk in Communities (ARIC) study. We compare the CpG sites identified for association with smoking status, using different imputation approaches for missing cell type compositions and whole blood cell counts (WBC) in the analysis.
Results

Simulation results
Simulated DNA methylation values under the different simulation models are shown in supplemental Fig. 1 . All the 3 imputation methods show non-inflated type 1 errors at different missing rates (Tables 1-2) . At the significance level of 0.05, the 2 MI-based methods are slightly conservative (type 1 error <5%) and have wider coverage (>95%) than expected (Tables 1-2 ). The projection-based method has type 1 error rate close to the expected 5%. In contrast, the type 1 errors are inflated when the covariates Z are ignored in the association analysis and Z are correlated with both the variable of interest (X) and the methylation measure (Y) (supplemental Tables 1  and 2 ).
When the missing rate is relatively low (30%), the projection-based method has higher statistical power than the 2 MIbased methods (Fig. 1A) ; when the missing rate is high (90%), the projection-based method and MI-PMM have similar power, which are higher than that of MI-Norm (Fig. 1B) . However, the projection-based method has downwards bias in estimated effect size and narrower coverage less than 95% (Tables 1-2) , especially when the missing rate is high (90%). When the effect size is large and missing rate is high, the coverage of estimated effect size from the projection-based method can be < 80%, compared to the expected 95% (Table 2 ). In MI-based methods, the estimated effect size is very close to the true value and the coverage is slightly wider than those of the full data analysis (96% vs. 95%). In addition, we compare the distribution of estimated effect size for different methods (Fig. 2) . The two MIbased methods yield consistent estimates for the true parameter values, but slightly large variation compared to full data analysis, especially when the missing rate is high (90%). The projection-based method consistently underestimates the effect size under the alternative hypothesis, but the variation of estimates is similar to that from full data analysis.
Note that simply excluding the subjects with missing covariates will lead to loss of power. Fig. 1 also shows the statistical power of complete-case analysis, in which subjects with missing covariates are excluded. Comparing to the full data analysis or imputed data analysis (MI-Norm, MI-PMM, projection based method), complete-case analysis suffers from a loss of power, especially when the missing rate is high (Fig. 1B) .
We also evaluate the performance of various methods under different sample sizes (n D 500 or 1,000). The results are consistent (supplemental Tables 3, 4 and supplemental Fig. 2 ). When the missing covariate is binary, we applied the multipleimputation based method (MI-Logreg), which shows similar performance as for continuous missing covariates (supplemental Tables 5, 6, 7 and supplemental Fig. 3, 4) .
For the 2 MI-based methods, increasing the number of imputations from 10 to 30 does not change the results significantly when the missing rate is 30% (supplemental Table 8 ). When the missing rate is 90%, MI-PMM with 10 imputations shows small upwards bias in estimated effect size. The bias is minimized with 30 imputations (supplemental Table 9 ). The coverage of estimates using MI-Norm is also improved by using more imputations, 96% vs. 97% for 30 vs. 10 imputations, respectively. Supplemental Fig. 5 shows similar statistical power when 10 or 30 imputations are used.
When the covariates are only correlated with methylation levels but not the variable of interest, i.e., Z are independent predictors instead of confounders (simulation model 3), both the projection-based method and MI-based methods perform similarly to the full data analysis. All approaches have a controlled type 1 error, correct 95% coverage (supplemental Table 10 ), and comparable statistical power (supplement Fig. 6 ).
Data application: Association with smoking status
We investigate the association between DNA methylation and smoking status (never vs. current smoker), while adjusting for possible confounders, including cell type compositions, age, field center, gender, and white blood cell count. To adjust for batch effects, we run a linear mixed-effects model with chip and chip position as random effects. The majority of missingness in this data comes from cell type composition (»91.1% missing rate), and total white blood cell (WBC) counts (»14.2% missing rate).
In the first analysis, we impute cell type composition using multiple imputation (30 imputations) and projection-based method, but only analyze samples with measured WBC. After imputation, we have 1,640 African American participants that are available for analysis. Using the projection-based method, we identify 2,552 CpG sites associated with smoking status with genome-wide significance (P-value < 10 ¡7 ). As a comparison, MI-Norm finds 1,362 significant CpG sites and MI-PMM finds 1,747 sites. Fig. 3A shows a scatter plot of the ¡ log 10 transformed association P-values for the projection-based method and MI-PMM, suggesting smaller P-values for the projection-based method than MI-PMM in general. Fig. 3B shows a comparison of the estimated coefficients at each CpG site. 
Discussion
Missing data is a common problem in association studies, which can reduce the sample size and lead to decreased statistical power. Using genome-wide methylation data, we have proposed multiple imputation-based methods to impute missing covariates, which can be either continuous or categorical, using a set of selected CpG sites. We also extended an existing projection-based method for missing covariates imputation. Through computer simulations, we evaluated performance of the 2 types of methods. Our results suggest that although the projectionbased method has the correct type 1 error rate and greater power than the MI-based methods, it may yield biased estimate and coverage for the effect size. In contrast, the MI-based methods are slightly conservative, but can provide consistent estimates for the effect size.
One key assumption of the projection-based method is "biological orthogonality", 9 where the CpG sites used for missing phenotype imputation should not contain the sites that are associated with the covariate of interest. In practice, this assumption may not always be satisfied. In our simulations, 50 of the 250 CpG sites that are used to impute the missing covariates are correlated with the trait of interest, which leads to significant bias in the estimates of effect size. On the other hand, this assumption is not required for MI-based methods. In fact, the imputation model is recommended to include all variables that are in the analysis model to avoid estimation bias and maximize model certainty.
11-14
The MI-based methods take into account of imputation uncertainty by adding random noise to the imputed values and averaging over multiple imputed datasets. In the simulation study, the MI-based methods show slightly conservative results compared to the full data analysis. This conservatism has been shown previously by the theoretical results of Meng.
11 The projection-based method can be viewed as an imputation approach with a single imputed data set, and therefore ignores the uncertainty for imputed values. It can potentially underestimate the variance of estimated effect size and reduce the statistical power. However, our results show that the variance of estimates from the projection-based methods is similar to that from using the full data (Fig. 3) , possibly because the imputation that is based on many CpG sites has high accuracy and little imputation uncertainty compared to biological variation among samples. In our simulations, the correlation between imputed and true values is »0.9 using the projection-based method.
For both the projection and MI-based methods, a preselected set of CpG sites is required which is associated with the covariates to be imputed. The projection-based method typically uses 100-500 CpG sites. In contrast, the MI-based method needs to limit the number of CpG sites to be much smaller than the sample size of full data, which can potentially reduce the imputation accuracy compared to the projectionbased method. In our analysis, we limited the number of CpG sites to be no larger than 30 in both MI-Norm and MI-PMM.
The efficiency of MI-based methods depends on the proportion of missing data and number of imputations. Note that the variance of effect size is W 15 For a 5% loss of efficiency, we will need FMI/m < 0.05. For example, when FMI D 0.3, m needs to be 6 or higher. In our simulations, m D 10 is often sufficient, but m D 30 may improve the results when the missing rate is high. However, a large number of imputations will dramatically increase computation burden of EWASs by running the association tests multiple times genome-wide. Therefore, we suggest that an EWAS is first run with missing covariates being imputed using the projectionbased method, and the CpG sites with genome-wide significance are re-evaluated using a MI-based method to obtain unbiased estimated effect size.
In addition to the imputation methods discussed in this paper, another class of statistical methods can infer unobserved confounders based on singular value decomposition (SVD) of the residual (and coefficient) matrix, for example, the surrogate variable methods 5, 6 and the "reference-free" method. 7 These methods are robust to model specification in association analysis; however, they do ignore the partial information on the covariates provided by complete cases in the missing data scenario, which can lead to loss of statistical power. In supplemental Figs. 10 and 11, we compared the power and parameter estimates from the "reference-free" method to those from imputation-based methods. The "reference-free" method showed relatively lower statistical power than both of the projection-and MI-based methods, even when the missing rate was high. The parameter estimates using the "reference-free" method are consistent with true values, but have larger variation than those from imputation-based methods. In summary, we have proposed and evaluated imputation methods for missing values in covariates using high-dimensional DNA methylation data. The proposed methods will help to control for potential confounding and increase statistical power of epigenetic association studies. An R implementation of the methods is available at: https://github.com/ChongWuBiostat/MethyImpute.
Methods
Our proposed method combines multiple imputation and variable selection in high-dimensional data. To deal with highdimensional methylation data, we use a 2-step variable selection approach including a screen and a selection stage. Then standard multiple imputation approach is applied to impute the missing covariate values and account for the uncertainty of imputation.
Notation
We denote the DNA methylation measure Y. Here we assume all the measurements are known and on a "b value" scale, which can be interpreted as the proportion of methylated molecules at a given locus. But the proposed methods can be directly applied to alternative methylation measures, e.g., the M-value. 16 We have p covariates (C), including the covariate of interest (X), such as smoking status in our example below, and potential confounders (Z), such as the cell type composition and WBC. We assume for each covariate, say C i , the C obs i is the observed part while C mis i is the missing part. We use C c to denote the set of non-missing covariates. In this paper, we consider 2 types of covariates with missing values, continuous and binary.
Variable selection
Given the large number of CpG sites surveyed in an epigenome-wide study, it is infeasible to include all CpG sites in a standard multiple imputation model. Buuren and Groothuis suggested that 15 variables are generally sufficient for imputation.
14 Hence, we use the following variable selection method, which includes a screen stage and a selection stage.
First, in the screen stage, for an incomplete covariate C i , we compute test statistics for association between C obs i and DNA methylation level at each CpG site. We select the most differentially methylated CpGs with P-value <10 ¡7 , up to 100 sites. The P-value cutoff is based on the Bonferroni correction for genome-wide significance using the HM450 chip, but other cutoff value can also be considered.
Second, in the selection stage, we use a forward stepwise with BIC criterion to select the final predictor set from the selected CpG sites. In the forward selection, the CpG sites are added to the model (linear for continuous covariate and logistic for binary) one at a time, 17 with the site which produces the largest reduction in the BIC value. The selection will stop when 30 CpG sites are selected, if the BIC stopping rule is still not satisfied.
Note that the initial set of 100 CpG sites for variable selection and the 30 CpG sites for imputation are subjective. In practice, the actual numbers of sites can vary depending on the total number of CpG sites that are associated with the missing covariate, and the size of complete cases.
Multiple imputation
For each incomplete covariate, the missing data are replaced by m independent imputation sets of values. Here, for continuous missing covariates, we consider 2 methods: predictive mean matching (MI-PMM), a general semi-parametric imputation method, 18 and linear imputation method (MI-Norm). 10 In MI-PMM, imputation is restricted to the observed values and can preserve non-linear relations even if the structural part of the imputation model is misspecified.
14 For categorical missing covariate variables, we consider using logistic regression (MILogreg) to impute the missing values.
In MI-Norm, for a specific covariate C, we regress C obs i on the set of selected K CpG sites (Y i1 , Y i2 , …, Y iK ) and the covariates with complete information, say
Here, we assume the missing covariate C mis i follows a normal distribution:
where b i and s i can be estimated from C obs i . Considering the uncertainty caused by missing data, we draw the imputation parameters b i Ã , s i Ã from the joint posterior distribution. 19 Specifically, s
, where g is a random draw from a Chi square distribution with n obs ¡ p degrees of freedom, and p is the total number of predictors in the model. Then, b
where u 1 is a row vector of p independent random draws form a standard normal distribution, and V the estimated covariance matrix ofb. We impute the missing observations based on the normal distribution described above and the imputation parameters b
In MI-PMM, we match each missing C mis i to the respondent with the closet predicted mean and then impute using the respondent's value directly. 10 We analyze each of the m imputed data sets separately to test for association between DNA methylation and trait of interest. We then use Rubin's rule 19 to combine the m estimates into an overall estimate. The combined estimateb i is the average of the individual estimates:
The total variance ofb i is calculated as follows:
where W is the within-imputation variance
, uncertainty about the results from one imputed data set) and B is the between-imputation variance
, uncertainty due to the missing information).
Projection-based method
We tailor the method proposed by Houseman et al. 9 to a more general situation. Briefly, the Houseman algorithm identifies 100-300 CpG sites that discriminated cellular composition in sorted normal human cell populations (consisting of B cells, granulocytes, monocytes, NK, and CD4C and CD8C T cells). The method fits a linear model at each of these CpG sites using a reference dataset to estimate the coefficient for each cellular component. It then uses a matrix projection approach to map these estimated coefficients to the relative proportions of each cellular component in the samples without cell type composition information. This method can be applied to other phenotypes besides cell type composition, if a reference data set is available with both DNA methylation data and phenotype of interest. In the case of missing data, we use the set of samples with complete information (C obs i ) as the reference dataset, and apply the projection approach to impute the missing values (C mis i ).
Simulation
We conducted a simulation study to evaluate the performance of proposed methods for the type 1 error, statistical power, bias and coverage of the estimates. For each subject, the variable of interest, X, was generated from a uniform distribution between 0.1 and 0.9. A set of 3 covariate, Z 1 , Z 2 , and Z 3 , were also simulated which may contain missing values.
For continuous confounders, we considered 3 simulation models (Fig. 5) , which generated methylation data for a total of 400 CpG sites on 2,000 subjects. Specifically, we simulated data for 50 CpG sites under model 1, 200 CpG sites under model 2, and 150 CpG sites under model 3. These CpG sites were analyzed together as from a single data set. In our analyses, we used the first 250 CpG sites from model 1 and 2 to impute missing values in covariates Z for the projection-based method; for the 2 MI-based methods, up to 30 CpG sites among the 250 sites were selected to carry out multiple imputation. The association was then tested at each of the 400 CpG sites adjusting for imputed covariates. We further considered sample size of 500 and 1,000 subjects.
In simulation model 1 and 2, the covariates Z 1 , Z 2 , and Z 3 were correlated with X, but they were independent of X in model 3. We masked a proportion of samples as missing in these 3 covariates, with equal missing rate at 0.3 or 0.9. In simulation model 1, we simulated methylation levels at 50 CpG sites as follows:
where both b and g are positive (Fig. 5A) . In model 2, we simulated methylation levels at 200 CpG sites using the same model above, with b > 0 but g D 0 (Fig. 5B ). In these 2 models, the covariates Z confound the relationship between methylation level Y and variable X. We used the 50 CpG sites from model 1 to evaluate the statistical power of different imputation methods, and the 200 CpG sites from model 2 to evaluate the type 1 error in presence of confounding factors. In model 3, we simulated data at another 150 CpG sites where their methylation levels were correlated with covariates Z and X, but Z was independent of X (Fig. 5C ). Under this simulation model, we evaluated the statistical power of imputation methods when the missing covariates are independent risk factors.
To consider the effect of the categorical confounders, we further simulated binary covariates Z 4 (simulation model 4), which was correlated with X. In this model, we simulated methylation levels at 50 CpG sites as follows:
where Z D Z 1 ; Z 2 ; Z 3 ; Z 4 ð Þand both b and g are positive (similar to simulation model 1). In model 5, we simulated methylation levels at 200 CpG sites using the same model above, with b > 0 but g D 0 (similar to simulation model 2). In these 2 models, the covariate Z 4 confounds the relationship between methylation level Y and variable X, and is set as the missing covariate with 30% missing rate. Note that projection based method can still be applied in these 2 models by treating the binary covariate as continuous (a linear probability model).
We simulated 100 datasets and averaged the association test results of these 100 data sets and multiple CpG sites within each data set to calculate bias and uncertainty of estimation. For each of imputation method, the coverage of estimation was calculated as the proportion of simulations that the 95% confidence interval contained the true value of covariate estimates. The power was calculated as the proportion of simulations that the association P-value is less than 0.05 in the simulation model 1, 3 and 4, and the type 1 error rate was calculated using data in model 2 and 5. We compared the results to those from the full data analysis, in which we assumed that we have all data without any missing value and adjust the covariates (Z) through a linear regression. We further compared the results to those from the complete-case analysis, in which subjects with missing value were excluded.
ARIC data
The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort study of cardiovascular disease risk in 4 US communities. 20 Between 1987 and 1989, 7,082 men and 8,710 women aged 45-64 y were recruited from Forsyth County, North Carolina; Jackson, Mississippi (African Americans only); suburban Minneapolis, Minnesota; and Washington County, Maryland. Before conducting the study, the institutional review boards of each participating university approved the protocol. After written informed consent including that for genetic studies was obtained, participants underwent a baseline clinical examination (Visit 1) and 3 subsequent follow-up clinical exams at intervals of roughly 3 y (Visits 2-4). An additional follow-up exam (Visit 5) was conducted in 2011-13. Followed manufacturer instructions, genomic DNA were extracted from peripheral blood leukocyte samples using the Gentra Puregene Blood Kit (Qiagen). Bisulphite conversion of 1 mg genomic DNA was performed using the EZ-96 DNA Methylation Kit (Deep Well Format) (Zymo Research) according to the manufacturers instructions (www.zymoresearch. com). Bisulphite conversion efficiency was determined by PCR amplification of the converted DNA before proceeding with methylation analyses on the Illumina platform using Zymo Research Universal Methylated Human DNA Standard and Control Primers.
Using the Illumina HM450 chip, bisulphite-converted DNA from 2,905 African American participants at Visit 2 (1990-92; n D 2,504) or Visit 3 (1993-95; n D 441) was measured for methylation status. Using Illumina GenomeStudio 2011.1, Methylation module 1.9.0 software, we determined the degree of methylation. Individuals (n D 71) were excluded from analysis if a pass rate for the DNA sample for the study participant was less than 99% (probes with a detection P-value > 0.01/all probes on the array), or the sample failed gender or genotype consistency checking. Probes on the HM450 chip for which the pass rate was less than 99% (sample with a detection P-value > 0.01 at probe/all samples) were not analyzed (n D 5,170).
In an epigenome-wide analysis, we tested the association between DNA methylation (Y) and smoking status (never vs. current smoker) (X) at each CpG site using linear mixed effects model (LMM). The covariates (Z) included cell type composition, age, field center, gender, and white blood cell count. Technical variables such as chip and chip position were included as random effects. Among the covariates, cell type composition and total white blood cell (WBC) counts contained considerable missing values, with »91% and 14% missing respectively. 
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